ABSTRACT We calculate scattering curves from Janus micelles based on a new particle scattering factor which we tested against Monte-Carlo simulations. If we compare scattering data from Janus micelles with data of core shell particles, we find that it is virtually impossible to distinguish the particle scattering factors of the two structures, if the scattering length densities of the respective segments are similar. As intuitively expected this situation worsens if the particles have a finite spread of radii and/or scattering length densities. We show however, that even in this case a positive identification of Janus-micelles is possible on the basis of scattering experiments, if contrast variation techniques are applied. For this purpose the outer radius of the micelle should be larger than twice the inner radius, and the scattering length densities of the two Janus face 2 segments should differ at least by a factor of two. The most favorable conditions occur when the scattering length density of the core is the mean value of the two outer segments.
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Experimental evidence for the internal structure of Janus-particles has been gathered from a variety of techniques (see e.g. ref 1) , however, a sound proof of a Janus type compartmentalization is difficult to achieve for various reasons. Using modern imaging techniques like SFM or STEM the distinction between two faces of a micelle is very difficult due to lack of contrast. Structural analysis by scattering techniques is hampered by the fact, that Janus particles tend to aggregate into super structures. Furthermore there was no particle scattering function available for Janus particles until recently 7 . Even with a particle scattering factor available, it is not straightforward to identify Janus micelles in a scattering experiment because the scattering from Janus particles is merely indistinguishable from the scattering of centrosymmetric core shell particles, if the scattering contrast is not carefully selected. This is shown in Figure 2 and will be discussed in detail in the 'Discussion' section.
In the present contribution we will introduce a new particle scattering factor for Janus particles which we tested against Monte-Carlo calculations of the scattering function. In addition we describe a two step scheme of small-angle neutron scattering (SANS) data analysis which eventually allows a positive identification of Janus particles and the determination of structural parameters. The paper is organized as follows: in the section titled 'Particle scattering factor' we will discuss different competing structures for Janus particles, introduce a new particle scattering factor and relate it to the expression given by Kaya 7 . In the 'Discussion' and 'Conclusions' sections we will outline a two step scheme to analyse neutron scattering data applying contrast variation. Finally the derivation of the particle scattering factor will be given in the appendix. what follows we will confine the discussion to the two structures mentioned first, i. e. we will use the term Janus particle for an entity consisting of a spherical core with the scattering length density (SLD) ρ A and the radius R i covered with two hemispherical caps with the respective scattering length densities ρ B and ρ C . The entire assembly has the radius R o (see Figure 1 left).
PARTICLE SCATTERING FACTOR
The term core shell particle will be assigned to the type of particles which is sketched in the middle of Figure 1 , where the SLD of the shell is constant ρ BC =(ρ B +ρ C )/2 throughout the shell.
The radius and the SLD of the core as well as the outer radius of the particle are the same as for the Janus particle, i.e. R i , ρ A and R o respectively. On the right side of Figure 1 we have also sketched the simplified Janus structure for which Kaya has published the particle scattering factor 7 , i. e. two half spheres with radius R o divided by a plane.
Figure 1 Sketch of competing particle structures. From left to right: Janus micelle, core shell particle and simplified Janus micelle.
The particle scattering factors or form factors for objects which do not have spherical symmetry can be generally written as
where the two integrals represent averaging of the particle orientation with respect to the scattering vector Q. The form amplitude b(Q,θ) is the normalized Fourier-transform of the excess SLD distribution in the particle with respect to the solvent.
The integral in the denominator of eq. (2) is a normalization constant and will be called V n in what follows. For a spherical particle with constant SLD it is the product of the sphere volume and the SLD.
For the Janus micelle (Figure 1 left) , the square of the form factor amplitude is given by ( )
where Q=|Q|, µ=cosθ, k=Qµ, ∆ BA =ρ A -ρ B , ∆ CA =ρ A -ρ C and the functions F(R j ,z,µ) are given by 
For the two half sphere structure (Figure 1 right) the square of the form factor amplitude reduces to the expression given by Kaya 7 , which in our notation reads
In this case the normalization constant reduces to 3 3 2 ) (
While the calculation of form factors using eq. (3) or eq. (4) has to be done numerically, the particle scattering factor of a core-shell structure (Figure 1 middle) can be written in a closed analytical form as
where ). (
If particle interaction can be neglected, which we assume in what follows, the scattered intensity is related to the form factor by ) ( ) ( 2 Q P V Q I n = for a single particle.
In the calculation of the SANS-curves presented in the next section we used normalized excess scattering length densities ρ j which are related to absolute values as follows: In order to calculate the scattered intensity using Monte Carlo simulations we consider a single spherical particle containing N scattering elements. The number density of scattering elements at a position r is ( )
and the scattering length at this point is introduced through the weight function w(r). Thus, the local scattering length density is )
The scattering intensity is given by,
8 where ρ(Q) are the Fourier components of the scattering length density defined as
The form factor is defined as P(Q) = I(Q)/I(Q=0)
In our simulations, we take η(r) constant throughout the sphere and change the scattering properties in the sphere via the weight function w(r). We put the center of the sphere at the origin and take the xy-plane as the dividing plane between the two outer half spheres. For each of the half spheres, w(r) is only a function of the distance r=|r| to the center of the sphere. To model a smooth density profile from the core to the corona of the sphere we use a tanh-profile,
This functional form gives a gradual change of the scattering density between ρ A and ρ B or ρ C The parameter d sets the sharpness of the interface between core and corona. The model does not take into account a diffuse interface between the two outer half spheres.
The actual MC calculations were performed as follows. An initial configuration was created by generating N points randomly in a sphere of unit radius. To each of these N points the appropriate weight w(r) was attributed. Rotationally averaged intensities were determined by averaging I(Q) over M configurations obtained by rotating the sphere around a randomly chosen axis over a randomly chosen angle. For N=100000 and M=100 we find perfect agreement with analytical results.
DISCUSSION Usually SANS data are analyzed by non linear least squares fitting of the experimental data with an appropriate particle scattering factor. In Figure 2 the major problem of this procedure is illustrated. We have calculated form factors for a realistic system with the potential to form Janus micelle as it was synthesized by Erhardt et al 1 . According to there synthesis it is highly probable that the particles have a Janus type structure with a pulybutadiene core (A) and two half shells which consists of polystyrene blocks (B) and poly(methylmethacrylate) blocks (C) respectively. Based on the bulk densities of the three polymers and the deuterated solvent tetrahydrofuran the scattering length densities can be estimated to be ρ A =0.956, ρ B =0.819 and ρ C =0.808. In the competing core shell structure in which the B-and C-blocks do not separate, the SLD of the shell is ρ BC = 0.813. Using these SLDs we calculated the particle scattering factors of a Janus micelle and of the core shell particle which are shown in Figure 2 . Here we did not take into account data smearing, nevertheless the curves are virtually identical. Even worse, in a real experiment tiny differences, if there were any, would be smeared due to the limited experimental resolution. It is thus obvious that a Janus micelle can not be distinguished from a core shell particle by one single scattering experiment, but elaborate contrast variation experiments have to be applied. This can be done rather easily in SANS, because it is very easy to change the scattering contrast, i. e. the excess SLD of certain particle segments by mixing deuterated and proteated solvent. As a consequence the absolute scattering intensity ) ( )
at a given scattering vector will change. For particles with segments of different excess scattering length densities the Q-dependence of P(Q) changes, as well. This is illustrated in Figure 3 were we have collected scattering curves, I(Q) vs Q, of Janus micelles and core shell particles at different contrasts. These curves were calculated for an idealized contrast situation which will be discussed later.
However they show that by contrast variation it is well possible to distinguish between the competing structures. Consequently SANS experiments should be performed at a series of solvent SLD and the intensity data should be analyzed in a simultaneous non linear least squares fit of eqs (1-3) to the data. However, the required numerical integrations would cause this strategy to be computationally very time consuming. Even more so if experimental data smearing has to be taken into account. Therefore we suggest a procedure which allows to decide beforehand whether the particles have Janus type or core shell configuration.
In order to distinguish between the two competing structures the most feasible contrast situation is ρ B =1, ρ C =0 and ρ A =0.5, i.e. the SLD of one half shell matches These two differences set the stage for a procedure to distinguish between a Janus micelle and the competing core shell particle. According to point (i) the scattered intensity at a fixed scattering vector from a core shell particle I CS (Q f ), runs though a distinct minimum, if the solvent SLD is varied in the range 1 0
, as is shown in Figure 4 , where I CS (Q f ) vs. ρ solvent at Q f R o =3 is plotted according to the vertical cuts indicated in Figure 3 . The corresponding curve for the Janus particle is shown as well. Extensive testing of numerous scattering curves showed that a range of 3<Q f R o <4 is most suitable for this kind of data analysis. The scattered intensity at Q f from the Janus particle varies less than a factor of ten while the intensity scattered from the competing core shell structure spans a region of three orders of magnitude as the solvent SLD changes from purely proteated to purely deuterated solvent. This may be regarded as a fingerprint of the core shell structure in contrast to the Janus micelle.
It is probably very difficult, if not impossible to set the SLDs of the respective particle segments by chemical synthesis exactly as we assumed in the above calculation. Therefore we tested whether similarly significant differences are observed for different contrast scenarios and different ratios of the radii. Generally we found that a spread of radii and/or SLD distributions, smears out the dip in the I(Q f R 0 =3) vs. ρ solvent curves of core shell particles as compared to the curve displayed in Figure 4 . Nevertheless, the difference in absolute scattered intensity between the Janus micelle and the core shell particle appears to be a very robust criterion for the distinction between the two competing structures. This is due to the fact that in the case of a core For the core we chose ρ A =0.4 (squares) and ρ A =1.0 (circles).
particle there is always a ratio of SLDs which allows for an average matching to the solvent SLD. From the matching condition V n =0 this ratio is easily calculated to be
On the other hand average matching of the particle's SLD to the solvent is not possible in the case of the Janus structure. In this case the matching condition can only be met if ρ B =ρ C which again corresponds to a core shell particle. Further examples for the intensity variation with solvent SLD are shown in Figure 5 for four different scenarios.
Generally the curves show only minor changes with the ratio of the radii or the relative SLDs of the segments as long as either
The difference between the competing structures is the least if the core radius approaches the outer particle radius and if the core has the highest SLD of the three particle segments. In this sense the variation of the absolute scattered intensity at an appropriately chosen Q f with solvent SLD may be regarded as a sound criterion to distinguish between a Janus type particle and the competing core shell structure.
Actually it even holds for systems where the change of SLD between core and corona segments is smeared, as one should expect for real particles. Using the Monte-Carlo scheme described in the section 'Particle Scattering Factor' we have simulated scattering curves for a system where the scattering length density of the core is ρ A =0.4 and in the corona segmets the SLDs are ρ Β =0.7, ρ C =0.3 with ρ ΒC =(ρ C +ρ Β )/2. According to eq. (7) we chose a tanh-function for the continuous transition from the core to the respective corona density. We simulated data for two different ratios of radii, i. e. R i /R o =0.3 and 0.7 respectively. The width of the transition zone is d=0.1R i in both cases. In Figure 6 the scattered intensities at fixed scattering vector are plotted as
vs. ρ solvent together with the corresponding curve for the Janus micelle. It is evident from the top part of Figure 6 that even for particles with a continuous transition from the core SLD to the corona SLD the scattered intensity of the Janus particle varies less than a factor of hundred with the solvent SLD at fixed Q f R o =3 while the scattered intensity from the competing core shell structure has a significant dip with a depth of about three orders of magnitude, if R o is at least twice as large as R i . However this effect is drastically reduced, if the radius of the core exceeds roughly half of the outer radius, as is to be seen from the bottom part of Figure 6 . If R i /R o =0.7 the depth of the minimum in the intensity vs. solvent SLD is only about two orders of magnitude for the core shell structure.
On the basis of this consideration one may conclude that Janus particles are likely to be present, if the variation of the scattered intensity at Q f R o =3 is less than two orders of magnitude, when the solvent SLD changes from zero to one. In this case the structural parameters of the Janus micelle may be obtained by a simultaneous fit of eqs. (1-3) to experimental scattering curves recorded at a sufficiently high number of different solvent SLD.
CONCLUSION
We have shown that the distinction between a Janus-type particle structure and a competing core-shell particle with SANS requires elaborate contrast variation techniques.
Based on model calculations with a new particle scattering factor for the Janus structure and simulated scattering data, we suggest a two step procedure to identify and characterize Janus micelles. In the first step the variation of the scattered intensity at a fixed scattering vector 3<Q f R o <4 with the solvent SLD should be analyzed. If I(Q f ) varies less than about two orders of magnitude while ρ solvent is tuned from zero to one, this may be regarded as strong evidence for the presence of Janus micelles. Only than it is worthwhile, to take the remarkable computational effort of the second step, that is a simultaneous least squares fitting of the I(Q) vs Q data recorded at various contrasts with the model form factor given by eqs. (1-3) . As Kaya has already pointed out, it is of large importance that the three segments have a strong tendency to segregation, otherwise the typical features of the scattering curves will be smeared out and eventually make a thorough analysis of the data impossible. Further the distinction between the two competing structures is facilitated if, as a rule of thumb, the outer radius is larger than twice the core radius, and if the ratio of the SLDs for the two half shells is as large as possible, typically ρ B /ρ C > 2. The most suitable contrast situation would occur if the core density is ρ A =(ρ B +ρ C )/2, which is certainly a challenge for the synthesist.
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APPENDIX
The form amplitude of a particle of arbitrary shape is defined as the normalized three dimensional Fourier transform of the particles scattering length density distribution ρ(r). In karthesian coordinates this is
where the normalization constant in the denominator is the integrated scattering length density
and θ is the angle between the scattering vector Q and the z-axis. We now calculate first the form factor of a simple Janus particle, which consists of two half spheres with radius R o each of which has a homogeneous scattering length density The form amplitude of a Janus particle consisting of a core with scattering length density ρ A and radius R i covered with two semi-spherical caps of radius R o and scattering length densities ρ B and ρ C respectively, can be derived from eq. A4 by replacing a spherical portion in the center of the simple structure by a sphere with ρ A and R i , which yields 
